Using oxygen stable isotopes to study ecosystem-atmosphere gas exchange by Wang, Weihong
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2004 
Using oxygen stable isotopes to study ecosystem-atmosphere 
gas exchange 
Weihong Wang 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Wang, Weihong, "Using oxygen stable isotopes to study ecosystem-atmosphere gas exchange" (2004). 
Retrospective Theses and Dissertations. 20305. 
https://lib.dr.iastate.edu/rtd/20305 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Using oxygen stable isotopes to study ecosystem-atmosphere gas exchange 
by 
Weihong Wang 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Geology 
Program of Study Committee: 
German Mora, Major Professor 
James Raich 
Jiasong Fang 
Iowa State University 
Ames, Iowa 
2004 
Copyright ©Weihong Wang, 2004. All rights reserved. 
i~ 
Graduate College 
Iowa State University 
This is to certify the master's thesis of 
Weihong Wang 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
iii 
DEDICATION 
For my family and friends. Thanks for the love and support. 
iv 
TABLE OF CONTENTS 
LIST OF FIGURES  vi 




CO2 and global warming 1 
Soil respiration and global warming   2 
Factors affecting soil respiration   .3 
Soil temperature 3 
Soil moisture 4 
Introduction of stable isotopes  5 
Application of oxygen isotopes in terrestrial ecosystem 8 




Site description 15 
Root-free and with-root soil chambers 16 
Sampling protocols 17 
Sample analyses 18 
Evaluating the kinetic factor 21 




Relationship between soil water and rainwater 29 
Isotopic equilibrium between soil CO2 and water 31 
Effect of soil CO2 diffusion on the oxygen isotopic composition of soil 
CO2 35 
Comparison with other oxygen isotopic studies on soil CO2  42 
Implications of this study 44 
CONCLUSIONS 46 
REFERENCES CITED 47 
APPENDIX. RAW DATA OF X150 VALUES OF SOIL CO2 59 
VI 
LIST OF FIGURES 
Figure 1. In situ soil CO2 sampling. 
Figure 2. Design of the Finnigan MAT Gas Bench II device (a). Example an output 
(reference gas and sample peaks) is shown in (b). 
Figure 3. The oxygen isotopic composition of rainwater in 2003 growing season. 
Figure 4. Comparison of daytime oxygen isotopic composition of soil CO2 for C3 RF 
and WR chambers. 
Figure 5. Comparison of nighttime oxygen isotopic composition of soil CO2 for C3 RF 
and W R chambers. 
Figure 6. Comparison of daytime oxygen isotopic composition of soil CO2 for C4 RF 
and WR chambers. 
Figure 7. Comparison of nighttime oxygen isotopic composition of soil CO2 for C4 RF 
and WR chambers. 
Figure 8. Comparison of daytime oxygen isotopic composition of soil CO2 respired 
from C3 and C4 species. 
Figure 9. Comparison of nighttime oxygen isotopic composition of soil CO2 respired 
from C3 and C4 species. 
Figure 10. Comparison of Sample I and Sample II oxygen isotopic composition of 
soil CO2 respired from C3 species. 
Figure 11. Comparison of Sample I and Sample II oxygen isotopic composition of 
soil CO2 respired from C4 species. 
Figure 12. The trends of oxygen isotopic composition of soil CO2 and rainwater. 
vii 
Figure 13. The soil CO2 concentration in the PVC chamber headspace for C3 RF 
chambers. 
Figure 14. Comparison of Sample I and Sample II kinetic enrichment factor for C3 
species. 
Figure 15. Comparison of Sample I and Sample II kinetic enrichment factor for C4 
species. 
Figure 16. Comparison of Sample I kinetic enrichment factor between C3 and C4 
species. 
Figure 17. Comparison of Sample II kinetic enrichment factor between C3 and C4 
species. 
viii 
LIST OF TABLES 
Table 1. C3 and C4 species planted in each block at research site. 
iX 
ACKNOWLEDGMENTS 
I would like to give my thanks to all the organizations that funded this 
research. Thanks to the Petroleum Research Fund for providing financial support 
and to the Center for Global and Regional Environmental Research for partially 
funding this research. 
I would like to thank everyone who helped me completing my research and 
my thesis. First of all, thanks to my advisor, Dr. German Mora, for his guidance and 
help in this research, his patience and thoughtful comments. Thanks to Dr. James 
Raich, for allowing me to pursue this research topic at the Rhodes Experimental 
Research Farm, for his company, and for being a committee member in my thesis. 
Thanks to Mathew Dornbush for his assistance in the field. Thanks to Dr. Shikha 
Sharma for her lab work support and for her occasional assistance in the field. 
Thanks to my fellow graduate students, Alessandro zanazzi, for his assistance in the 
field and his emotional support; Matt Dvorak, for his help in the field; Adriana 
Heimann, Joan Jach, and Cammy Bright for their help. Thanks to Dr. Donna Surge, 
for temporary serving on my thesis committee. Thanks to Dr. Jiasong Fang for 
agreeing to be a committee member, to DeAnn Frisk for her efficient work and for 
keeping everything in order, and to Dr. Parkin Timothy at the National Soil Tilth 
Laboratory for providing the temperature data. 
X 
ABSTRACT 
Soil respiration is the major pathway of carbon transfer from soil to 
atmosphere. Soil CO2 has an important influence on carbon and oxygen isotopic 
composition of atmospheric CO2. This influence has been employed in global 
models to estimate the effect of climate change on the global carbon cycle. 
Outcomes of models that used oxygen isotopic compositions (b180) of atmospheric 
CO2 showed imbalances with measured atmospheric CO2 5180 values, suggesting 
uncertainties in these global models. An underlying assumption of these models 
was that a constant diffusional effect exists during the transfer of soil CO2 to the 
atmosphere. The objectives of this study were to trace seasonal changes in oxygen 
isotopic composition of soil CO2, to test if this diffusional effect was constant and to 
evaluate if factors other than diffusion also affected 5180 values of soil CO2, 
including soil water, CO2 production and different species (C3 and C4). To achieve 
these goals, soil CO2 samples were collected from chambers free of roots (RF) and 
from chambers containing roots (WR). These chambers were installed in soils 
having different C3 or C4 species. Collection of samples took place monthly over 
two growing seasons. During each sampling period, soil CO2 was collected twice a 
day for 12 hours to represent respired CO2 during night and daytime. Daytime 
samples were collected first during 2003 growing season and April 2004, whereas 
nighttime samples were collected first during the remaining part of 2004 growing 
season. Samples collected first were called Sample I, and Sample II referred to 
those collected second. 
XI 
Oxygen isotope results for the collected samples indicated that soil CO2
isotopic values for W R and RF chambers were statistically undistinguishable, 
suggesting that soil CO2 and soil water were likely to be in isotopic equilibrium. 
Similar to other findings, these results also indicated that soil water played the most 
important role on setting oxygen isotopic signature of soil COz. Because CO2
production was different in WR and RF chambers, the similarity in isotopic values 
found in these two different chambers also indicated that soil CO2 production had no 
observable impact on oxygen isotopic composition of soil CO2. Similarly, there was 
no significant difference in isotopic values for soil CO2 in soil containing C3 and C4 
plants, suggesting that different species had a negligible effect on respired CO2. A 
statistically significant difference of ~2%o was, however, found between Sample I and 
Sample II collected over 2003 growing season and April 2004. This difference was 
interpreted to result f rom different diffusional effects of soil CO2 that caused different 
kinetic enrichment factors. 
Rainwater b18O values and soil temperature were employed to estimate the 
kinetic effect of diffusion on oxygen isotopic composition of soil CO2. It was found 
that the kinetic enrichment factor varied through time, implying that the use of a 
constant value for this factor likely affected global estimations of oxygen isotopic 
composition of soil CO2. 
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INTRODUCTION 
COz and global warming 
"Global warming will be the greatest environmental challenge in the 21st century." 
- Former Vice President, Albert Gore. 
Carbon dioxide (CO2), along with methane, water vapor, CFC, etc, is an 
important greenhouse gas because it controls the Earth's energy balance and 
climate. This control comes from the ability of greenhouse gases such as CO2 and 
methane in the Earth's atmosphere to decrease the escape of terrestrial thermal 
infrared radiation by absorbing. Such absorption by the greenhouse gases heats the 
atmosphere, stimulating it to emit more long-wave radiation. Some of this is released 
into space (generally at higher, colder levels in the atmosphere) whilst most is re-
radiated back to Earth. The net effect of this process is that the Earth stores more 
energy near its surface than it would if there was no atmosphere. Consequently, the 
temperature of the earth is about 15.6°C higher than it would be without its 
atmosphere (IPCC, 2001). This process is popularly known as the greenhouse 
effect. 
It was reported that the global average surface temperature of the Earth has 
increased by 0.6±0.2°C over the 20th century due to an increase in greenhouse gas 
concentrations, with CO2 contributing about 50% to the greenhouse effect (IPCC, 
2001). Atmospheric CO2 has increased from apre-industrial concentration of about 
280 ppmv (ppmv= parts per million per volume) to about 367 ppmv at present at a 
rate of about 0.3-0.4%/yr (UNEP, 1998). Consequently, the increased amount of 
carbon dioxide in the atmosphere leads to climate change and may produce a global 
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warming of the Earth's surface because of its enhanced greenhouse effect (IPCC, 
200~~. 
Since CO2 plays such an important role on the global warming, there is a 
need to understand better the sources of CO2 fluxes into the atmosphere. There are 
three major CO2 exchanges in the global carbon cycling: (1) the flux of CO2 out soils, 
(2) CO2 uptake and release f rom oceans, and (3) CO2 uptake and release by 
terrestrial plants. The flux of COz from soil is perhaps the one that provides the 
greatest uncertainties, and will be addressed in this study. 
Soil respiration and global warming 
Soil is the largest carbon pool in terrestrial ecosystems. Carbon dioxide is 
produced in soil primarily by heterotrophic organisms (microbial respiration) and by 
the respiration of living roots. The emission of CO2 from soil is referred to as soil 
respiration, which is the major pathway of carbon transfer from soil to atmosphere. It 
produces 75-80Pg of CO2-C annually (Schlesinger, 1977; Raich and Potter, 1995), 
indicating that about 10% of the atmosphere's CO2 cycles through soils each year. 
Soil respiration increases with increasing temperature as indicated by both 
compilations of literature values (Raich and Schlesinger, 1992) and studies with 
imposed soil warming (Peterjoin et al., 1994; Rustad and Fernandez, 1998). 
Because of the large amounts of carbon involved, the potential increase in CO2
release from soil caused by future elevated temperature may have a positive 
feedback effect on the atmospheric CO2 and global warming (Kirschbaum, 1995). 
Therefore, understanding the response of soil respiration to the changing 
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environmental conditions is a necessary step in assessing the potential impacts of 
soil C on the future climate (Raich and Tufekcioglu, 2000). 
Factors affecting soil respiration 
Soil temperature 
Soil respiration has been shown to be strongly influenced by temperature 
(Lloyd and Taylor, 1994; Fang and Moncrieff, 2001). Typically, as soil temperature 
increases, soil respiration rate also increases (Fang and Moncrieff, 2001). 
Temperature responses of soil respiration are often expressed as a Qio function 
(Atkin et al., 2000), 
Q1o= (respiration rate at T+10°C)/(respiration rate at T) (1) 
where T represents temperature. A Qio of 2, for example, means that the rate of soil 
respiration would occur twice as fast at 15°C relative to 5°C. A greater value of Q10 
means a higher respiration rate for a given increase in temperature. Qiofunction is 
easy to use and provides an indication of how sensitive soil respiration is to 
temperature. In addition to the Q10 definition, the Arrhenius equation describing the 
relationship between soil respiration and temperature is also commonly used (Lloyd 
and Taylor, 1994; Fang and Moncrieff, 2001). The Arrhenius equation is expressed 
as: 
K=Ae~-Ea/RT} (2) 
(Clark, 2002), where K is the rate coefficient, A is a constant, Ea is the activation 
energy, R is the universal gas constant, and T is the temperature (in degrees 
Kelvin). The exponential increase in soil respiration with respect to temperature is 
commonly accepted and has been observed for biological systems over a limited 
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range of temperatures (5°C - 30°C) (O'Connel, 1990; Thierron and Laudelout, 1996; 
Winkler et al., 1996). Other different types of relationships have also been used, 
including linear (Rochette et al., 1991); quadratic (Holthausen and Caldwell, 1980); 
logistic (Schlentner and Van, 1985; Jenkinson, 1990); and those using a 
temperature-time equivalence (Feng and Li, 1997). 
Soil moisture 
Soil moisture is another important factor influencing soil respiration. Soil CO2
efflux is usually low under dry conditions due to low root and microbial activities, and 
increases with soil moisture (Bryla et al., 2001). Under saturated moisture conditions 
however, soil CO2 efflux is reduced due to limited diffusion of oxygen and 
suppression of CO2 emissions. The relationship between soil respiration and soil 
moisture is sometimes described by a quadratic equation (Runnel et al., 1977; Linn 
et al., 1984; Mielnik &Dugas, 2000). Other relationships (e.g., linear, exponential and 
hyperbolic equations) are also used (Norman et al., 1992; Davidson, 1998; Liu et al., 
2002; Schlentner &Van, 1985; Carlyle &Than, 1988). 
In fact, soil temperature and moisture interact to control the rate of soil 
respiration, and it is .often difficult to separate their individual effects. In many 
ecosystem models, the effects of soil temperature and moisture are assumed to be 
multiplicative. Thus, their combined effect is modeled using a temperature function 
multiplied by a moisture function (Potter et al., 1993). In measurement studies, their 
combined effect is often fitted using multiple linear equations (Leiros et al., 1999). In 
these studies it was found that soil respiration is significantly correlated with soil 
temperature (r~=0.85) when soil moisture exceeded 12.5%, i.e. when moisture 
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appeared to be non-limiting. Under drier conditions (soil moisture <12.5%) there was 
no significant correlation (rz=0.00) with soil temperature. Similarly, soil respiration is 
not sensitive to moisture under lower temperatures (below 5°C) but more responsive 
at higher temperatures (10-20°C) (Carlyle and Than, 1988). These results suggest 
that under moist conditions, temperature plays a predominant role in controlling soil 
respiration rates. 
Because soil respiration is sensitive to changes in soil temperature and soil 
moisture conditions, seasonal changes in soil microclimate can cause seasonal 
fluctuations of soil CO2 emissions. Since soil CO2 influences the carbon and oxygen 
isotopic composition of atmospheric CO2 as well as atmospheric CO2
concentrations, stable isotope technique provides a useful tool to trace soil and 
atmosphere CO2 exchange. 
Introduction of stable isotopes 
Isotopes are atoms of the same element that differ in mass due to 
differences in the number of neutrons in their nuclei. Stable isotopes refer to those 
that do not decay spontaneously. For a given element, the atoms that have fewer 
neutrons are called light isotopes, and the atoms having more neutrons are called 
heavy isotopes. Light isotopes have weaker binding energy than heavy isotopes, 
thus light isotopes are more chemically reactive. Molecules containing light 
isotopes also evaporate and diffuse more quickly than their heavier counterparts. 
By contrast, heavy isotopes, having more neutrons, have stronger binding energy, 
have lower reaction rates in enzymatic reactions, diffuse more slowly, and are 
more often found in lower-energy phase states in equilibrium reactions (Dawson et 
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al., 2002). In all cases, the light isotopes are more abundant in nature than the 
heavy isotopes. For instance, carbon includes two stable isotopes: 12C and 13C, 
which have abundances in the Earth's lithosphere of 98.89% and 1.11 %, 
respectively. Oxygen includes three stable isotopes: 160, 170 and 180, and their 
abundances are 99.76%, 0.04% and 0.2%, respectively. 
However, it is difficult to accurately measure absolute stable isotope 
abundances. It is easier and more precise to measure relative differences in 
isotopic ratios rather than absolute differences between two substances. 
Therefore, stable isotope abundances are commonly expressed as the ratio of the 
heavy to the light isotope in a sample compared to the same ratio in an 
international standard. Because the differences in ratios between the sample and 
standard are very small, they are expressed as parts per thousand or'per mil' (%o) 
deviation from the standard. By convention isotope ratios are expressed in the 
delta notation (~) with units of per thousand (%o) as: 
~_(Rsample/Rstandard-1 )X 1000%0 (3) 
where R is the molar ratio of heavy to light isotope of the sample or standard. For 
carbon isotopes, R Is 13C/12C. Similarly for oxygen isotope ratios, R is 180/160 
(because 170 is rare, usually 160 and 180 are used to calculate oxygen stable 
isotope abundances). The standards for carbon isotope ratios and oxygen isotope 
ratios are the Vienna-Pee Dee Belemnite (VPDB) and Vienna-Standard Mean 
Ocean Water (VSMOW), respectively. By definition, standards have a b value of 
0%0. A positive ~ value, therefore, indicates that the sample contains more of the 
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heavy isotope than the standard, whereas a negative b value indicates that the 
sample contains less heavy isotope than the standard. 
Partitioning in the isotope ratios of stable isotopes in two substances or two 
phases is called isotopic fractionation. This is due to the mass differences between 
stable isotopes during two different types of processes: equilibrium and kinetic 
effects. An equilibrium isotope effect will cause one isotope to concentrate in one 
component of a reversible system that is in equilibrium. In most circumstances the 
heavy isotope concentrates in the component in which the element is bound more 
strongly and thus equilibrium isotope effects usually reflect relative differences in 
the bond strengths of the isotopes in the various components of the system. A 
kinetic isotope effect occurs when one isotope reacts more rapidly than the other 
in an irreversible system or a system in which the products are swept away from 
the reactants before they have an opportunity to come to equilibrium. Normally, the 
lighter isotope will react more rapidly than the heavy isotope and thus the product 
will be depleted in the heavy isotopes with respect to the reactant. For both 
processes the extent of the fractionation is described by the fractionation factor, 
which is defined according to this relation: 
a A_B= RA/RB (4) 
R refers to the atomic ratio of the heavy to the light isotopes. Since in general a ~ 1, 
the deviation from 1 is often used (the enrichment or depletion factor): 
£,vs= (a a-e-1) • 103 (%o) (5) 
A and B can be either two different substances or, the same substance but in 
different physical phases. 
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Carbon and oxygen stable isotopes provide invaluable information to 
quantify carbon exchanges in global budgets. For example, b13C values have 
been used to partition terrestrial and oceanic sources and sinks of CO2 (Ciais et 
al., 1995; Francey et al., 1995; Fung et al., 1997). Furthermore, analyses of the 
X180 values of CO2 enable the partitioning of global-scale net CO2 exchange fluxes 
on land into its photosynthetic and respiration components (Francey and Tans, 
1987; Farquhar et al., 1993; Ciais et al., 1997; Peylin et al., 1999). Despite their 
importance, however, there are a number of uncertainties associated with the 
study of oxygen isotope ratios of carbon dioxide. For that reason, this study 
focused on understanding the factors that control the oxygen isotopic composition 
of respired CO2. 
Application of oxygen isotopes in terrestrial ecosystems 
Previous studies 
The oxygen isotope ratio of soil CO2 is important for both global and 
ecosystem scale budgets of the oxygen isotope ratio of atmospheric CO2, as well as 
for using this ratio as a proxy for the isotopic ratio of soil water (Stern et al., 1999). In 
terrestrial ecosystems b180 values of atmospheric CO2 are strongly influenced by 
isotope effects that occur during photosynthesis and respiration (Flanagan et al., 
1997). The oxygen isotopic compositions of CO2 from soil (related to respiration) and 
from plant leaves (related to photosynthesis) are quite distinct from each other and 
often from ambient CO2 as well. The different oxygen isotope signatures result from 
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the exchange of oxygen isotopes between CO2 and different water sources during 
photosynthesis and during soil respiration. 
During photosynthesis, CO2 diffusing into leaves dissolves and exchanges its 
oxygen atoms with leaf water. While about one third of the CO2 diffusing into leaves 
is fixed in the process of photosynthesis, the remaining two-thirds diffuses back to 
the atmosphere after dissolving and isotopically equilibrating with leaf water. The 
retrodiffused CO2 is enriched in 180 relative to the soil water that feed the plant 
because of the evaporative enrichment of leaf water (Flanagan et al., 1994; Yakir et 
al., 1994). Likewise, ~' 80 values of CO2 from both root respiration and microbial 
respiration are strongly influenced by the oxygen isotopic composition of the water 
with which it is in contact (Yakir, 2000). The respective 5180 signals are expected to 
be distinct, with CO2 diffusing from leaves more enriched in 180 than CO2 respired 
from soils. Consequently, the oxygen isotope ratio of atmospheric CO2 is strongly 
affected by leaf and soil water during photosynthesis and respiration. 
Keeling (1958) performed the first major studies on the variation of 5180 
values of atmospheric CO2. Continuous measurements at a number of locations for 
the next decades revealed distinct latitudinal patterns in CO2 5180 values. These 
latitudinal trends were recognized to result from large terrestrial CO2 fluxes from soil 
and plants (Francey and Tans, 1987). However, few measurements of 5180 values 
of soil CO2 have been reported. Allison et al. (1987) made the first measurements of 
180/160 ratios of soil CO2 and coexisting soil water at a northern African sand dune 
site. Unfortunately, the results were limited by the fact that liquid water condensed 
on the inside of some of the sampling flasks prior to analysis, changing the ' 80/' 60 
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ratio of the CO2 due to exchange with the condensed liquid water. Friedli et al. 
(1987) concluded that exchange with soil and leaf water played an important role in 
setting the 180/160 ratio of atmospheric CO2. Moreover, they found that 180/160 
ratios of soil CO2 were near isotopic equilibrium with soil water throughout the 
annual cycle. 
Hesterberg and Siegenthaler (1991) conducted a more systematic study by 
monitoring soil temperature and the'$O/160 ratio of both soil water and soil CO2. 
Samples were taken from two different depths (30 cm and 80 cm) at a site near 
Bern, Switzerland every week throughout aone-year period. Based on these results, 
they built a model to explain the oxygen isotopic composition of soil CO2: 
=~sw+' ~e -co2~- Eeff-soil (6) p q 
This equation indicates that the oxygen isotopic composition of total soil CO2 (bp) is 
affected by three factors: ~S,,,,, the oxygen isotopic composition of soil water, Eeq_co2, 
the equilibrium enrichment factor between soil water and soil CO2, and £eff _So;,, the 
kinetic enrichment factor occurring during the diffusion of soil CO2. They suggested 
that the oxygen isotope ratio of soil CO2 is controlled by the oxygen isotope ratio of 
soil water, and that the isotope exchange reaction occurs relatively rapidly. 
Amundson and Wang (1996} measured b18O values of soil CO2 and co-existing 
water for three soils spanning a 3000 m elevation gradient in the central Sierra 
Nevada range of California. The data from the Sierra Nevada showed that the 
equilibrium enrichment term in Hesterberg and Siegenthaler's model (1991) had a 
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large influence on the oxygen isotopic composition of soil CO2 (Amundson and 
Wang, 1998). 
Among these previous studies, the model developed by Hesterberg and 
Siegenthaler (1991) does provide an excellent framework to assess the importance 
of various factors affecting the oxygen isotopic composition of soil CO2. In their 
model, the first important term that affects the 5180 values of soil CO2 is the oxygen 
isotopic composition of soil water. CO2 reaches isotopic equilibrium with water 
according to the following equation: 
~„~2~sOp)+CO2(s)f-'H++[HC
O218~~-(aq) F-'H2Op~ +C0180(g) ~7) 
With the presence of carbonic anhydrase (CA), ubiquitous in leaves and micro-
organisms, equilibrium in equation 7 is reached nearly instantaneously (Miller et al., 
1999). The quantity of water usually involved in equation 7 is many orders of 
magnitude greater than that of the CO2. Consequently, isotopically equilibrated CO2
is similar to the oxygen isotopic ratio of the soil water which, in turn, changes with 
soil drying and with seasonal variations in source (Miller et al., 1999). Short-term 
changes in the oxygen isotope ratio of precipitation and variation in enrichment of 
180 during evaporation can have significant effects on the X180 values of soil CO2
(Flanagan et al., 1999). Soil water may become enriched near the surface by 
evaporation, but the degree to which this enriched water affects the X180 values of 
soil CO2 diffusing out of the soil has not been established (Miller et al., 1999). 
The second term that affects the oxygen isotopic composition of soil CO2 is 
the equilibrium enrichment factor, which is well understood. The temperature-
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dependent value for the equilibrium enrichment of oxygen isotopes between COz 
and water (Eeq-cot) is determined by the following relationship: 
£eq-co2(T) = 17604/T-17.93 (%°) (8) 
where dEeq_co2/dT=-0.2%°/°C (at 25°C, £eq-co2=41.11 %°), and T is temperature in 
degrees Kelvin (Brenninkmeier, 1983). 
The third term (the kinetic enrichment factor) in Hesterberg and 
Siegenthaler's model, however, is not well understood. In order to improve the 
predictions of the X180 values of soil CO2, this kinetic factor must be better 
understood. Some researchers (e.g., Amundson et al., 1998; Yakir, 2000) suggested 
that the diffusional, kinetic, fractionation effect of CO2 is expected to be 8.8%° based 
on the binary diffusivities of the isotopic species of CO2 in air. Near the soil surface, 
however, the rate of CO2-H2O equilibrium is often slow compared to the rate at 
which CO2 escapes from the soil (Stern et al., 1999). As a result, some enrichment 
of 180 in soil CO2 occurs, which could partially offset the kinetic fractionation. Global 
isotopic mass balance approaches have been used to solve for the effective kinetic 
enrichment of CO2 diffusing out of soils, Eeff_So;,, assuming that all other terms are 
known. These studies arrived at different estimates of 5.00%° (Ciais et al., 1997) and 
7.6%° (Farquhar et al., 1993). Miller et al. (1999) using direct, small-scale 
measurements obtained a value of £eff-soil =7.0%°. Therefore, additional studies on 
the kinetic fractionation are necessary because the accuracy of this value will 
directly affect the oxygen isotopic composition of soil CO2. This issue is one of the 
focuses in this study. 
13 
Hypotheses 
Previous studies have indicated that soil water is the most important factor 
controlling isotopic compositions of soil CO2. In this study, I tested this hypothesis. 
First, if soil water is the most controlling factor, then there should not be a significant 
difference between X180 values of soil CO2 released by roots from CO2 released by 
soil microbes. To test this hypothesis, I compared the isotopic composition of soil 
CO2 from soil devoid of roots and that of soil CO2 from intact soils. Second, the 
original isotopic composition of root-respired CO2 should have a negligible effect on 
the isotopic composition of soil CO2 because soil water is the most important factor 
affecting b180 values of soil CO2. To test this postulation, I compared the isotopic 
composition of soil CO2 from C3 and C4 species because these plants have different 
photosynthetic pathways that could result in different oxygen isotopic compositions 
of root-respired CO2. 
Objectives 
The uncertainty of the kinetic fractionation factor affects estimations on the 
oxygen isotopic composition of respired CO2 as illustrated by previous studies 
(Farquhar et al., 1993; Ciais et al., 1997; Flanagan et al., 1997) that have used 
different values of kinetic enrichment (from 5%° to 8.8%°). Therefore, one goal in this 
research study was to determine the variability of the kinetic enrichment factor (Eeff _ 
So;,) used in the Hesterberg and Siegenthaler's model (1991). In this study, 
measurements of the oxygen isotopic composition of soil CO2 (bp), the oxygen 
isotopic composition of rainwater as a proxy for that of soil water (~Sv„), and 
temperature were performed to estimate if the kinetic enrichment factor (Eeff _So;,) used 
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in the Hesterberg and Siegenthaler's model (1991) is constant through time. This 
gives us the possibility to verify the underlying assumption behind the oxygen 
isotopic composition of soil CO2 models (i.e., kinetic fractionation is constant with 
time). 
Another goal in this research was to trace the seasonal changes of the 
oxygen isotopic composition of CO2 emitted from soil through time and assess the 
possible impacts of soil water, soil CO2 production rate, and soil CO2 diffusion on the 




The study was conducted at the Rhodes Research and Demonstration 
Farm (42.00°N, 93.25°W) in Marshall County, Iowa. The climate is strongly 
continental with hot summers (28.2 °C) and cold winters (-5.61 °C), and high relative 
humidity (66.7%). There is an average of 180 frost-free days per year. The mean 
annual precipitation is 880mm, most of which (86%) occurs during the growing 
season, and mean annual temperature is 8.7 °C (Iowa Agriculture Climate Network 
Center, Iowa State University, 2004). 
In the research farm six different C3 and C4 grass species were planted in 
six 15 m x 15 m plots present in four 90 m x 15 m replicated blocks. Each plot was 
planted with one of the following six grass species in August 2001: Andropogon 
gerardii (a C4 grass), Bromus inermis (a C3 grass), Dactylus g/omeratus (a C3 
grass), Panicum virgatum (a C4 grass), Phalaris arundinacea (a C3 grass), and 
Tripsacum dacty/oides (a C4 grass) (Table 1). All plantings were conducted on old 
corn (a C4 plant) soil. 
Six root-free chambers were placed in each block in 2001, and six more 
root-free chambers were installed in 2002. Later, in May 2004, one additional new 
root-free chamber was installed in each plot. With-root chambers were installed in 
2002. The root-free chambers served as sampling sites for the collection of SOM 
(Soil Organic Matter)-derived soil CO2, while with-root chambers collected the total 
soil CO2 from both SOM and root respiration. The presence of root-free and with-root 
chambers allowed us to determine if different soil CO2 productions from with-root 
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and root-free chambers affect the oxygen isotopic composition of soil CO2, given that 
with-root chambers typically have higher soil CO2 production than the root-free 
chambers. 
Tablel. C3 and C4 species planted in each block at research site. 
Plot 
Block 
1 2 3 4 5 6 
Blockl PHAR BRIN DAGL TBDA ANGE PAVI 
Block2 PHAR DAGL BRIN PAVI ANGE TBDA 
Block3 TBDA ANGE PAVI PHAR BRIN DAGL 
Block4 PHAR BRIN DAGL PAVI ANGE TBDA 
Note: 
ANGE: Andropogon gerardii (Common name: Big Bluestern) 
BRIN: Bromus inermis (Common name: Smooth Brome) 
DAGL: Dactylus glomeratus (Common name: Orchard Grass) 
PAVI: Panicum virgatum (Common name: Switch Grass) 
PHAR: Phalaris arundinacea (Common name: Reed Canary Grass) 
TBDA: Tripsacum dactyloides (Common name: Eastern Gamma Grass) 
Root-free (RF) and with-root (WR) soil chambers 
A 10.16 cm diameter bucket auger was used to create a 75 cm deep hole in 
the ground for root-free chambers. Soils were taken out and kept in order. A 10.16 
cm diameter PVC (polyvinyl chloride) tube (80 cm in height) was placed inside the 
hole, leaving 5 cm outside the soil (headspace). The bottom of a PVC tube was 
covered with two layers of 120 Nm nylon mesh screen that served as a barrier to 
keep the outside roots from entering the PVC tube. The bottom end of the tube was 
then filled with 5 cm of clean sand to promote water drainage. Roots were then 
removed by hand from soil. The root-free soil was then repacked into the PVC tubes 
in the same vertical position and the same approximate bulk density as the field 
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soils. These PVC tubes were called root-free (RF) chambers. After the PVC tubes 
were placed into the ground, any excess soil was used to backfill around the sides. 
With-root chambers were installed differently. 25 cm long PVC tubes served 
as with-root (W R) chambers. PVC tubes were pounded into the ground without 
excavating. 6 mm diameter holes were cut in the lower 15 cm of the tube to allow 
roots outside the PVC tubes to grow into the chambers. The bottom of the PVC 
tubes was left open. 
Sampling protocols 
Soil CO2 samples were taken in the field every month over 2003 and 2004 
growing seasons after soil CO2 efflux rates were measured. To collect soil CO2
samples, 10 ml vials containing anhydrous magnesium perchlorate and glass wool 
were used in the field. The magnesium perchlorate kept the vials dry and prevented 
any isotopic equilibration of the collected CO2 with moisture. After introducing this 
reagent in the vials, they were flushed with helium for one and a half minutes to 
remove atmospheric CO2. The vials were then capped, and they were allowed to 
equilibrate for 24 hours. 
In the field, the PVC chambers were tightly capped with a specially designed 
PVC cap, containing a fitting. The caps were sealed with vacuum grease to prevent 
the introduction of atmospheric air and the leakage of soil air. Air in the headspace 
was removed with the aid of a manual pump. After evacuating the air in the 
headspace, a Swagelok fitting was screwed on to the PVC cap (Fig. 1). The helium-
filled, 10m1 vials were then attached to the Swagelok fitting with the aid of a sharp 
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1 mm diameter hollow needle. A test tube, covered with aluminum foil, was then 
placed over the sampling vials to prevent the possible effect of sunlight. 
Figure 1. In situ soil CO2 sampling. 
The vials were allowed to collect soil CO2 gas for 12 hours. Each sampling 
interval included a daytime sample and a nighttime sample. Daytime referred to 
samples placed in the tubes from 6:00 a.m. in the morning to 6:00 p.m. in the 
evening; and nighttime corresponded to samples from 6:00 p.m. to 6:00 a.m. 
In addition to CO2 samples, rainwater samples were collected on Iowa State 
University campus during 2003 growing season to assess the role of rainwater in 
determining the oxygen isotopic composition of soil CO2. 
Sample analyses 
Collected soil CO2 samples were transported back to the lab. The isotopic 
analyses of soil CO2 samples and rainwater were performed on a Finnigan 
GasBench II system attached to a Finnigan Delta Pius XL mass-spectrometer housed 
in the Department of Geological and Atmospheric Sciences at Iowa State University. 
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For water analysis, 15m1 flat-bottomed vials were flushed with 0.3% CO2 in 
helium for 2 minutes and sealed with a cap containing a septum. After flushing, 0.5 
ml of water was then loaded with the aid of a syringe through the septum. Each 
analysis was performed in duplicate. The water samples were allowed to equilibrate 
for 24 hours on an autosampler tray at room temperature (25°C). After equilibration, 
a concentric double wall needle of a gas Bench II autoanalyzer (Finnigan MAT, 
Germany} sequentially pierced the vial septa, allowing helium carrier gas to be 
injected into the sampling vial at a flushing rate of 0.3m1/min. The overpressure 
allowed the continuous passage of the headspace gas (CO2 plus helium) through 
the output portion of the needle over a Nafion drying trap. Dried headspace gas was 
then delivered to a gas chromatographic (GC) column via a Valco 6-port valve 
containing a 100µI sample loop. After gas separation took places in a Pora PLOT Q 
capillary GC column (90 sec pass time), the individual gases were passed across a 
second Nafion drying trap into a Finnigan Delta p~"S XL mass spectrometer via a 
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Figure 2. Design of the Finnigan MAT Gas Bench II device (a). Example an output 
(reference gas and sample peaks) is shown in (b). 
Seven replicates of each sample headspace were measured and the mean 
sample peak value was compared to a reference gas for computation of a 
preliminary delta value. This preliminary value was then converted to a value relative 
to V-SMOW by using standard water samples run concurrently with the water 
samples. Analyses with the Gas Bench II instrument used here yielded an external 
precision of ±0.1%0. 
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The CO2 samples were analyzed in the same manner as the water samples. 
The only difference was that the soil CO2 samples did not have to be equilibrated for 
24 hours. After the samples were delivered to the lab from the field, they were 
analyzed directly. All CO2 isotopic values were reported in the standard delta 
notation in per mill (%°) relative to the international reference material V-PDB. The 
conversion from V-PDB to V-SMOW was needed for oxygen isotopic composition of 
CO2 in order to keep a consistent reference scale relative to water samples. The 
reproducibility and accuracy was monitored by replicate analyses of limestone and 
carbonate laboratory standards, and was better than ±0.1 %° for b18O values. 
Evaluating the kinetic factor 
To evaluate if the kinetic factor is constant through time, we used the model 
of oxygen isotopic composition of soil CO2 built by Hesterberg and Siegenthaler 
{1991) as mentioned above in equation 6: 
~p=ssw+ £eq-co2+ Jeff-soil 
where ~p refers to the oxygen isotopic composition of soil CO2, SSW represents the 
oxygen isotopic composition of soil water; Eeq_co2 is the equilibrium enrichment factor, 
and ~eff_So;, is the kinetic enrichment factor. 
The oxygen isotopic composition of soil CO2 was measured directly, and we 
assume that the oxygen isotopic composition of soil water is equivalent to that of 
rainwater. Rainwater was collected in Ames during the growing season of 2003. 
Although soil water may become enriched in 180 near the surface relative to 
rainwater as a result of evaporation (Miller et al., 1999), the extent to which this 
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enriched water affects the 180 of soil CO2 diffusing out of the soil may be relatively 
small because the time that it takes to reach CO2-H2O equilibration is longer relative 
to the time that it takes for CO2 to escape out of the soil (Stern et al., 1999). If 
carbonic anhydrase (CA) is present, however, equilibrium between soil water and 
CO2 can be reached even in the upper soil layers. The equilibrium enrichment factor 
can be calculated using equation 8 showed in the introduction: 
~eq-co2(T) = 17604/T-17.93 (%°) 
Soil temperature data to perform this calculation were obtained f rom an established 
no-till corn-soybean management system in Boone Co., Iowa, and they were 
provided by Dr. Timothy B. Parkin (assistant professor in Soil Tilth Laboratory, Iowa 
State University). Soil temperature was measured at the surface with two 
thermocouples placed just under the residue layer, and with two thermocouples 
inserted 0.05 m below the soil surface (Parkin and Kaspar, 2003). Based on the 
known data, consequently, according to equation 6 the kinetic enrichment factor in 
the Hesterberg and Siegenthaler's model (1991) can be estimated for each month of 
the growing season to determine whether or not this factor is constant through time. 
Statistical analysis 
The statistical t-test was used to evaluate the significance of the difference 
between root-free (RF) and with-root (WR) data, between daytime and nighttime 
data, and between C3 and C4 data for oxygen isotope values. All statistical analyses 
were performed using SAS (Statistical Analysis Software, Carg, NC). 
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RESULTS 
All isotopic values here are reported in standard delta notation in per mill 
relative to V-SMOW. Results of the analyses of oxygen isotopic composition of 
rainwater suggested that they varied through time during 2003 growing season (Fig. 
3). The b180 values gradually increased from —6.5%° in April to a maximum value of - 
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Figure 3. The oxygen isotopic composition of rainwater in 2003 growing season. 
Comparisons of measured isotope data for soil CO2 were performed to 
evaluate seasonal and annual changes in the oxygen isotopic composition of soil 
CO2, and to assess the effects of different species (C3 and C4), different treatments 
(RF and WR), and sampling time intervals (daytime and nighttime) on the isotopic 
composition of soil CO2. 
The average root-free (RF) daytime data overlapped with the average with- 
root (WR) daytime data for C3 species (Fig. 4). The difference between the WR and 
RF daytime data was less than 0.2%o in the sampling months, with the exception of 
the isotope data for May and July, 2004. In those two months differences between 
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W R and RF daytime data were 0.5%° and 1.5%°, respectively. The comparison 
between RF and W R daytime oxygen isotopic composition of soil CO2 indicated that 
there was no significant difference in b18O values of soil CO2 respired from RF and 
WR chambers (two-sided P values are larger than 0.2). Similarly, another 
comparison between WR and RF nighttime data showed no distinguishable 
difference (two-sided P values are larger than 0.2). Only in May and July 2004, the 
average WR nighttime data were higher 0.6%° and 1.6%° than the average RF 
nighttime data (Fig. 5). The differences between WR and RF nighttime data were 
less than 0.2%° in the other sampling months. 
For C4 species, the isotope data showed similar results to those reported for 
C3 species. A comparison of RF and W R daytime data showed that they were not 
significantly different (two-sided P value is larger than 0.15) (Fig. 6). Similarly, RF 
and WR nighttime data were statistically undistinguishable (two-sided P value is 
larger than 0.8) (Fig. 7). As seen in Figure 15, WR and RF nighttime data for C4 
species showed a larger variability than that shown in Figures 4, 5, and 6. The data 
indicated, however, that there was no significant difference between W R and RF 
data for both C3 and C4 species during either daytime or nighttime. In addition, the 
data showed a decreasing trend from June to August 2003 and from April to July 
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Figure 4. Comparison of daytime oxygen isotopic composition of soil CO2
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Figure 5. Comparison of nighttime oxygen isotopic composition of soil CO2
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Figure 6. Comparison of daytime oxygen isotopic composition of soil CO2
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Figure 7. Comparison of nighttime oxygen isotopic composition of soil CO2
for C4 RF and WR chambers. 
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A comparison of daytime data showed that there was no distinguishable 
difference between the oxygen isotopic composition of soil CO2 respired from C3 
and C4 species (two-sided p value is larger than 0.18) (Fig. 8). The same was true 
for nighttime data (two-sided P value is larger than 0.25) (Fig. 9), although the data 
for C3 and C4 species in May, June, and July 2004 showed a larger variability than 
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Figure 8. Comparison of daytime oxygen isotopic composition of soil CO2









♦ C4 species 
03 June 03 July 03 Aug. 04 April 04 May 04 June 04 July 
Figure 9. Comparison of nighttime oxygen isotopic composition of soil CO2
respired from C3 and C4 species. 
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Another comparison was between Sample I and Sample II. A statistically 
significant difference of ~2%° was, however, found between Sample I and Sample II 
oxygen isotopic composition of soil CO2 collected over the 2003 growing season and 
April 2004. In contrast, there was no significant difference between Sample I and 
Sample II b180 values of soil CO2 respired in plots having both C3 and C4 species in 
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Figure 10. Comparison of Sample I and Sample II oxygen isotopic composition 
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Figure 11. Comparison of Sample I and Sample II oxygen isotopic composition 
of soil CO2 respired from C4 species. 
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DISCUSSION 
Relationship between soil water and rainwater 
Studies have indicated that the oxygen isotopic composition of soil CO2
depends on that of soil water, which in turn is controlled by the isotopic composition 
of rainwater (Hesterberg and Siegenthaler, 1991; Yakir, 2000; Tang and Feng, 
2001). Although available data were not conclusive, the oxygen isotopic 
composition of soil CO2 (Fig. 4-11) showed, in general, a trend similar to that shown 
by the oxygen isotopic composition of rainwater during 2003 growing season (Fig. 
12). This was not the case, however, for the oxygen isotopic composition of soil CO2
in July. A possible reason for this variation was that the rainwater samples were not 
taken at precisely the same place as the soil CO2 samples. The rainwater samples 
were taken in Ames, IA, which is 72 kilometers away from the research site. The 
different rainfall amounts and rainfall events at these two places may cause the 
variation occurred in July. As indicated by the study of Lawrence et al. (1982), the 
isotopic content of precipitation was controlled by particular meteorological 
processes acting at a given time and place and was subject to considerable 
variations. These authors pointed out that late precipitation events from a given air 
parcel have lower 5180 values than any earlier precipitation. Furthermore, their data 
showed that two storms in the same site could have different isotopic values 
resulting from different positions of warm fronts in the air parcel. Therefore, different 
localities or different rainfall events and amounts may cause some variations on the 
oxygen isotopic compositions of rainwater. Although the similar trend found between 
the oxygen isotopic composition of rainwater and that of soil CO2 through time could 
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indicate that rainwater has a strong impact on the oxygen isotopic composition of 
soil CO2 because rainwater is the main source of soil water in which soil CO2 is in 
contact with (Yakir, 2000), the limited number of samples here precluded any 
conclusive finding. Nonetheless, the close relationship between soil water and 
rainwater has been reported before. For example, Tang and Feng (2001) collected 
meteoric water at a weather station close to Hanover, NH, and calculated the X180 
values of soil water at a depth of 20 cm for a sandy loam soil from the x180 values of 
soil CO2 and soil temperature, assuming that soil CO2 and water were in isotopic 
equilibrium. Their data showed that soil water 20 cm below the surface was 
gradually replaced by summer precipitation with time. This process was more 
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Figure 12. The trends of oxygen isotopic composition of soil CO2 and rainwater. 
Evaporation has been shown to enrich soil water in the heavier isotopes near 
the soil surface relative to water deeper in the soil profile (e.g., Allison et al., 1983). 
This is particularly true for soils located in arid regions devoid of vegetation (Miller et 
al., 1999). The extent to which this enriched water affects the b180 values of soil CO2
diffusing out of a soil may be relatively small in vegetated areas. This is because of 
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the slow rate of CO2-H2O equilibrium relative to the rate at which CO2 escapes out of 
the soil (Stern et al., 1999). In addition, Miller et al. (1999) observed that while the 
largest soil water enrichment occurs in the top 5 cm of soil, the effective depths that 
influence the b18O value of soil CO2 in vegetated areas are 5-15 cm. Based on the 
fast emission of CO2 and the large influence of deep soil water (>5 cm) on the 
overall oxygen isotopic composition of CO2, it appears then that evaporation in 
vegetated areas is not an important factor that influences the oxygen isotopic 
composition of soil CO2. Consequently, b18O values of soil CO2 likely reflect the X180 
value of soil water between 5 cm and 15 cm below the soil surface. To better 
understand how soil water affects the b18O values of soil CO2, the first step is to 
understand the isotopic exchange that occurs between soil water and CO2. 
Isotopic equilibrium between soil CO2 and water 
Soil CO2 isotopically equilibrates with water according to equation 7 given in 
the introduction: 
H218O(,)+CO2(g)HH++[HCO21sO~ (aq) HH2O(~) +CO18O(g)• 
The isotopic equilibration rate between soil water and CO2 is limited by the hydration 
rate constant that determines the rate at which CO2 diffuses into soil water to form 
bicarbonate. A number of studies (Flanagan et al., 1995; Yakir et al., 1996; Ciais et 
al., 1997; Flanagan et al., 1997) indicated that if the rate of oxygen isotope 
exchange between soil CO2 and water is higher than 0.01 s-1, soil CO2 is in isotopic 
equilibrium with soil water. Amundson et al. (1998) plotted atwo-component model 
(pure atmospheric CO2 versus pure biologically derived CO2) for various 
equilibration rate constants fora `typical' soil with CO2 production in the top 30 cm. 
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Their results indicated that as the rate of CO2-H2O isotope exchange becomes large 
(fast rate of isotope exchange), the CO2 in the soil column approaches oxygen 
isotope equilibrium with co-existing soil water. If the rate is very low (e.g. <10-ss-'), 
soil CO2 and soil water do not reach isotope equilibrium. Stern et al. (1999) 
suggested that if the rate is extremely slow (less than 10-6s'), the oxygen isotopic 
composition of soil CO2 is mainly controlled by diffusion. Therefore, the isotopic 
exchange rate directly affects the extent of the soil H2O/CO2 equilibrium and soil 
CO2 diffusion. 
How long is soil CO2 in contact with soil water at a given soil depth? An 
analysis of the residence times of soil CO2 at various depths under a variety of soil 
conditions may provide estimates of the importance of the equilibration process. 
Amundson et al. (1998) described a residence time equation that is dependent on 
soil thickness (Oz), porosity (8), and the diffusion coefficient of soil CO2 into the soil 
(~S)• 
Residence time=i= A(Oz)2/2 DS (9) 
Assuming that DS is 0.0302 cm2s"' and that porosity is 0.5, the residence time of soil 
CO2 in a 5 cm thick layer is 3.4 minute. The CO2 hydration rate in soils is (Tans, 
1998): 
KS=KhBBW (10) 
where Kh is the rate constant for the oxygen exchange between CO2 and water, B is 
the volumetric Bunsen solubility coefficient, and 8W is water-filled pore space. The 
rate of isotopic hydration is 1/3 of KS because there are three oxygen atoms involved 
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in the exchange reaction (Miller et al., 1999; Stern et al., 1999). The half-life for the 
isotopic equilibration for CO2 in water present in soil pores is (Tans, 1998): 
T~,2=In2/KS (11) 
For ks=0.1 s-'and ks=0.01 s-', the half-life of the equilibrium reactions are 6.9s and 
69.3s, respectively. These times are sufficiently short for equilibration to occur 
because they are far less than the residence time calculated for the upper soil 
column. 
Furthermore, the enzyme CA may be present in soils (Ciais et al., 1997), 
facilitating the transport of CO2 by catalyzing the hydration of CO2 and thus the 
isotope exchange reaction. Consequently, the presence of CA causes equilibrium 
between soil water and CO2 to be reached nearly instantaneously (Miller et al., 
1999). Moreover, a resent study by Mortazavi et al. (2004) in the Apalachicola 
National Forest, FL, shows that the b18O values of soil CO2 are in close equilibrium 
with soil water at the 10-12 cm depth. Therefore, it is likely that soil water and CO2
are in complete isotopic equilibrium in the shallow soil layers (5-30 cm). 
The first finding found in this study indicated that there was no significant 
difference between the oxygen isotopic composition of soil CO2 from WR and RF 
chambers (Fig. 4-7), despite the fact that WR chambers had higher CO2 production 
rates than the RF chambers due to the presence of roots. Amundson and Wang 
(1996) indicated that there is a relationship between isotopic composition and CO2
concentration. As CO2 increases, the X180 values of soil CO2 decrease until they 
reach a value approximately in equilibrium with water. In this study, the different CU2
production rates from WR and RF chambers showed no distinguishable influence on 
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the 6180 values of soil CO2. Consequently, soil water and CO2 were likely to be in 
equilibrium because it would be expected that different production rates existing in 
RF and WR chambers would produce different X180 values under non-equilibrium 
conditions (Amundson and Wang, 1996). 
The second important finding of this study was that there was no 
distinguishable difference in the oxygen isotopic composition of CO2 emitted from 
plots containing C3 and C4 species (Fig. 8-9), indicating that different species had 
no significant impact on the b180 values of soil CO2. Because isotopic exchange 
occurs between soil CO2 and soil water (as expressed in equation 7), .isotopically 
equilibrated CO2 obtains the oxygen isotopic signature of the water in which it is 
dissolved, regardless of its initial b180 values {Miller et al., 1999). This result implied 
that soil water was the main factor that controlled the oxygen isotopic composition of 
soil CO2, and that different species had no effect on the oxygen isotopic composition 
of soil CO2. 
Besides equilibration between soil CO2 and water, soil CO2 diffusion is 
another process simultaneously affecting the oxygen isotopic composition of soil 
CO2. In soil profiles, there is a continuous competition between the diffusion of soil 
CO2 and the equilibrium reaction between soil CO2 and water. Whatever the original 
isotopic composition of biologically produced CO2, the value is altered as the CO2
diffuses through the soil profile to the atmosphere. The theoretical fractionation 
factor resulting from the difference in masses between 180 and 160 is 8.8%°, and this 
factor is only fully expressed if water and CO2 are in complete isotopic equilibrium 
from depth all the way to the soil surface (Stern et al., 1999). However, this ideal 
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situation is not common in actual field conditions. Various studies have reported a 
range of values for the kinetic enrichment associated with diffusion, from values as 
low as 3.29%° (Flanagan et al., 1997) to values as high as 7.6%0 (Farquhar et al., 
1993). When the kinetic enrichment factor is less than the 8.8%° theoretical value, it 
reflects the disequilibrium between CO2 and H2O near the soil surface (Miller et al., 
1999). In this study, the daytime and nighttime data revealed that diffusion had an 
important effect of On the b18O values of soil CO2. 
Effect of soil COZ diffusion on the oxygen isotopic composition of soil CO2
An important finding here was that there was a significant difference between 
Sample I and Sample II oxygen isotopic composition of soil CO2 throughout 2003 
sampling season and April 2004. There was a significant 2%° difference between 
Sample I and Sample II in those months. However, there was no distinguishable 
difference between Sample I and Sample II b18O values of soil CO2 in May, June, 
and July 2004 (Fig. 10-11). There are several possibilities that may explain the 
different results between Sample I and Sample II. 
One explanation is that temperature changes may be responsible for the 
observed difference. However, if temperature difference between Sample I and 
Sample II were the reason to cause the observed 2%° significant difference, the 
same 2%° difference should be observed between nighttime and daytime data in 
May, June and July 2004 as well. Moreover, if temperature were the reason, based 
on the relationship between equilibrium fractionation and temperature (equation 8), 
then a temperature difference on the order of 20°C would be needed to obtain the 
observed 2%°difference. Therefore, temperature is unlikely to explain the observed 
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2%° difference between Sample I and Sample I I b' 80 values of soil CO2 that 
occurred in 2003 growing season and April 2004. 
Another possible reason is that the evaporation effect may be different during 
Sample I and Sample II sampling time because it may cause the surface water to be 
enriched in 180 differently. However, the PVC caps and test tubes were covered with 
aluminum foil to prevent the effect of sunlight. As a result, the temperature difference 
inside the chamber between Sample I and Sample II sampling time was estimated to 
be less than 1 °C (Parkin, 2003). Because of the small temperature difference, it is 
unlikely that evaporation is significantly different on the surface soil water between 
Sample I and Sample II sampling time. Therefore, it is expected that surface water 
inside the PVC chamber showed similar b18O values during Sample I and Sample II 
sampling time, thereby making evaporation an unlikely possibility to explain the 
systematic 2%° difference between Sample I and Sample II b18O values of soil CO2 in 
2003 growing season and April 2004. 
An alternative possibility that could explain the different results between 
Sample I and Sample II is an artifact effect caused by a change in the protocols 
followed in the field to collect samples. The change referred to the order in which 
daytime and nighttime soil CO2 samples were collected. In 2003 growing season 
and April 2004, Sample I were daytime samples. In contrast, in May, June and July 
2004 Sample I were nighttime samples. In summary, Sample I included daytime 
samples in 2003 growing season, April 2004 and nighttime samples in May, June 
and July 2004; Sample II included nighttime samples in 2003 growing season and 
April 2004, and daytime samples in May, June and July 2004. As a result of the 
37 
change of sampling order, Sample I and Sample II data showed distinct patterns, 
implying that this sampling order change may be responsible for causing different 
resu Its. 
As indicated in the "Methods" section, a pump was used to evacuate the air 
present inside the headspace of the PVC chambers. This procedure likely created a 
concentration gradient between the headspace and the soil profile that caused the 
diffusion of CO2 produced in the soil to the headspace. Amundson et al. (1998) 
indicated that concentrations in a soil profile reach steady-state conditions after 13 
hours in atwo-component model of pure atmospheric CO2 and pure biologically 
derived CO2. It was possible that the 2%° difference between Sample I and Sample II 
5180 values of soil CO2 in 2003 growing season and April 2004 resulted from the 
absence of steady-state conditions during Sample I relative to Sample II CO2
concentrations, which probably reached steady state. Therefore, the Sample II data 
more closely reflected the oxygen signature of soil water, which was enriched in 180 
relative to soil CO2, while Sample I data were lower than the Sample II data because 
of the effect of diffusion. In contrast, in May, June and July 2004, Sample I and 
Sample II oxygen isotopic composition of soil CO2 did not show a significant 
difference. This result indicated that the change of the sampling order in May, June 
and July 2004 caused no significant effect on both Sample I and Sample II CO2
data, suggesting that steady state conditions were reached for both Sample I and 
Sample II in May, June and July 2004. 
In 2003 growing season and April 2004, Sample II CO2 concentrations in the 
vials were significantly higher than Sample I concentrations (Fig. 13). It was possible 
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that not only headspace but soil air was evacuated with the manual pump during the 
first sampling (Sample I}. Productions rates possibly allowed soil CO2 to diffuse out 
to the headspace, but they were not sufficiently high to permit full equilibration 
between the headspace and the soil pore spaces. Once the vials were switched 
after 12 hours (Sample II), evacuation of gases with the manual pump possibly 
caused the removal of headspace gas, but it did not cause advection of soil gases 
from below the tubes. Consequently, soil gas present in the soil plus added CO2
from soil respiration was sufficient to increase CO2 concentrations and to facilitate 
the achievement of steady-state conditions. Therefore, because of the change of 
sampling order the steady state was reached in both Sample I and Sample II 
sampling time in May, June and July 2004. As a result, the diffusional effect was the 
same between Sample I and Sample II in May, June and July 2004, whereas in 
2003 growing season and April 2004, it had different diffusional effects on Sample I 
and Sample II causing the 2%° difference between Sample I and Sample II b18O 
values of soil CO2. If this conclusion is correct, different enrichment factors are then 
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Figure 13. The soil CO2 concentration in the PVC chamber headspace for C3 RF chambers. 
Kinetic (i.e., diffusion) enrichment factor can be estimated for the studied sites 
using the Hesterberg and Siegenthaler's model (1991), assuming that soil water 
b180 values correspond to those measured for rainwater, and relying on measured 
temperatures to estimate oxygen isotopic compositions at equilibrium (see 
"Methods" section). Results of these calculated kinetic enrichment factors were 
presented in Figures 14-17. As expected, there was a significant difference between 
the Sample I and Sample II enrichment factors for C3 and C4 species during 2003 
and April 2004 because of the different diffusional effects occurring during those 
months as explained in the previous paragraph. On the other hand, kinetic 
enrichment factors for Sample I and Sample II in May, June and July 2004 were 
similar (Fig. 14-15). 
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Figure 15. Comparison of Sample I and Sample II kinetic enrichment factor for C4 species. 
Undistinguishable kinetic enrichment factors were found between plots having 
C3 and C4 species (Fig. 16-17), indicating that the enrichment factor was insensitive 
to different species. Figures 14-17 also showed that estimated kinetic enrichment 
factors were not constant through time, suggesting that it may not be appropriate to 
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Figure 17. Comparison of Sample II kinetic enrichment factor between C3 and C4 species. 
In this study, the highest enrichment value was -3.6%° in Sample I, April 2004. 
The values in Sample I in July, however, were lower than the maximum theoretically 
expected value of -8.8%° (Fig. 16). These theoretically unrealistic values could result 
from the fact that the b180 value of rainwater in Ames, IA, is not properly reflecting 
the oxygen isotopic composition of soil water at our research site. Unfortunately, this 
finding highlights the problems in using rainwater X180 values as a proxy for soil 
water b180 values. This approach is routinely employed in global models (e.g., 
Francey and Tans, 1987; Farquhar et al., 1993; Ciais et al., 1997) that attempt to 
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use the oxygen isotopic composition of atmospheric CO2 to constraint the global 
carbon cycling. 
A potential uncertainty associated with the estimations of the kinetic 
enrichment factor is the possibility of re-equilibration between headspace CO2 and 
surface water. If evaporation has made surface water enriched in 180 before capping 
the PVC chamber, re-equilibration between soil surface water and soil CO2 could 
cause X180 values of CO2 to become higher relative to their original oxygen isotopic 
composition. If this is the case, then Sample I data should be similar to Sample II 
data because re-equilibration should take place during both time intervals. The fact 
that there was a 2%° difference between Sample I and Sample II b180 values of soil 
CO2 in 2003 growing season and April 2004 suggested that no obvious re-
equilibrium effect. Moreover, if re-equilibration had taken place in the studied 
chambers, the kinetic enrichment effect would be zero. Because the estimated 
kinetic enrichment factors are far from zero, it is then concluded that re-equilibration 
was likely negligible. 
Comparison with other oxygen isotopic studies on soil Coe
The seasonal variability in the b180 values of soil CO2 showed in this study 
was similar to that predicted by model simulations. Using a mass balance approach, 
the studies by Flanagan et al. (1997) in central Canada, showed that X180 values of 
CO2 respired from Jack pine and Aspen forest soils decreased from June to August 
1994. Furthermore, the studies by Peylin et al. (1999) using a 3-dimentional model 
(Atmospheric Transport Model) showed the simulated b180 values of soil CO2 
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decreased from June to August from 1992-1995 in Niwot Ridge (40°N, 105.4°W), 
Colorado. 
Besides the direct measurement of X180 values of soil CO2, like we have done 
in this study, some researchers estimated the oxygen isotopic composition of soil 
CO2 directly by applying the diffusional fractionation factor or by using a Keeling plot 
approach. For instance, Mortazavi and Chanton (2002) estimated oxygen isotopic 
composition of soil CO2 by applying a 7.2%° kinetic enrichment factor to the b180 
values measured at 10 cm below the surface and by estimating the intercept of a 
Keeling plot in a managed slash pine ecosystem, Gainesville, FL. The b180 values of 
soil CO2 varied by a maximum of 5.7%° fora 3-month period by applying a diffusional 
enrichment factor of 7.2%°. They explained this difference in terms of seasonal 
variability of source water (i.e., rainwater). However, they did not consider the 
possibility that the kinetic enrichment factor may change through time, which would 
affect the estimation of soil CO2 X180 values. The estimation based on a Keeling plot 
showed higher soil CO2 X180 values than the values obtained with the diffusional 
enrichment factor. In one of the three months the difference was as high as 17.5%°. 
The application of Keeling plots to determine the oxygen isotopic composition of soil 
CO2 is limited because the changes in the b180 value of ecosystem CO2 can occur 
independently of changes in CO2 concentrations and because water pools driving 
these isotopic changes can be spatially and temporally heterogeneous (Amundson, 
et al., 1998; Tans, 1998). Some studies have observed considerable scatter in the 
oxygen Keeling plots (Sternberg et al., 1998; Bowling et al., 1999) because, unlike 
soil CO2 b13C values that reflect production, the equilibrium process between soil 
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water and CO2 makes the estimation of b18O values of soil CO2 complicated and 
difficult. As a result, the extrapolation to infinite CO2 concentration using a linear 
regression may not give an accurate estimate of the oxygen isotopic composition of 
soil CO2. Therefore, direct measurements of oxygen isotopic composition of soil CO2
are more advantageous because the directly measured data include the diffusional 
effects that may be different through time, and because the assumption of the 
relationship between the oxygen isotopic composition of ecosystem respired CO2
and CO2 concentration is not needed. 
The estimated kinetic enrichment factor in this study indicated that it was not 
constant through time. Therefore, it may lead to errors in estimating soil CO2 b18O 
values if a constant kinetic enrichment factor is assumed (e.g., Mortazavi and 
Chanton, 2002). In addition to this study, changes in the kinetic enrichment factor 
over time have also been reported in previous studies. For instance, Miller et al. 
(1999) used a numerical time-dependent soil CO2 isotopic diffusion and equilibrium 
model to calculate the kinetic enrichment factor in soil profiles of Boulder, Colorado 
(40°3'N, 105°10'W) from January to August 1997. The obtained enrichment factor 
changed through time from a lowest value of -7.5%° to a highest value of -6.7%°. 
Implications of this study 
The global oxygen isotopic composition of atmospheric CO2 has been used to 
estimate global average fluxes of carbon (e.g., Ciais et al., 1997}, but substantial 
imbalances still exist in the global atmospheric CO2 b18O values during the 1990s 
and show large interannual variabilities (Gillon and Yakir, 2001). Ciais et al. (1997) 
found that terrestrial ecosystems are responsible for the temporal and spatial 
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variability in atmospheric CO2 5 180 values, with ecosystem respiration likely 
modulating this variability. Although an increased in the oxygen isotopic composition 
of leave water could account for this increased sink reduced sources) of 180- 
enriched CO2 in the global carbon cycle (Gillon and Yakir, 2001), other potential 
causes identified in this study include (1) possible offsets between rainwater and soil 
5 180 values and (2) potentially variable kinetic enrichment factors. 
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CONCLUSIONS 
There were three conclusions in this study. First, there was no a significant 
difference between with-root and root-free data. The data here indicated that soil 
water was the most important factor controlling the oxygen isotopic composition of 
soil CO2. Soil CO2 production rate did not have important effects on 5180 values of 
soil CO2. 
Second, different species did not play significant role on determining soil CO2
S'$O values. This indicated that soil water played the most important role on setting 
oxygen isotopic composition of soil CO2. 
Third, kinetic enrichment factor was not constant through time. This implied 
that diffusion of soil CO2 had an important effect on oxygen isotopic composition of 
soil CO2. 
The major implication of this study is that the kinetic enrichment factor 
appears to be variable through time and that rainwater 5180 values may not be used 
as a proxy for soil CO2 5180 values. This factor, presumed to be constant, is 
important for correctly estimating respired soil CO2 5180 values in global atmospheric 
CO2 8180 studies. Results from this study clearly showed that a better understanding 
of the factors that control the oxygen isotopic composition of soil CO2 is critically 
needed to construct an accurate 180 weighted budget for local, regional, or global 
scale atmospheric CO2. 
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